Expansion of the polyQ repeat in ataxin-2 results in degeneration of Purkinje neurons and other neuronal groups including the substantia nigra in patients with spinocerebellar ataxia type 2 (SCA2). In animal and cell models, overexpression of mutant ataxin-2 induces cell dysfunction and death, but little is known about steady state levels of normal and mutant ataxin-2 and cellular mechanisms regulating their abundance. Based on preliminary findings that ataxin-2 interacted with parkin, an E3 ubiquitin ligase mutated in an autosomal recessive form of Parkinsonism, we sought to determine whether parkin played a role in regulating the steady state levels of ataxin-2. Parkin interacted with the N-terminal half of normal and mutant ataxin-2, and ubiquitinated the full-length form of both wild type and mutant ataxin-2. Parkin also regulated the steady-state levels of endogenous ataxin-2 in PC12 cells with regulatable parkin expression. Parkin reduced abnormalities in Golgi morphology induced by mutant ataxin-2 and decreased ataxin-2 induced cytotoxicity. In brains of SCA2 patients, parkin labeled cytoplasmic ataxin-2 aggregates in Purkinje neurons. These studies suggest a role for parkin in regulating the intracellular levels of both wild type and mutant ataxin-2, and in rescuing cells from ataxin-2-induced cytotoxicity. The role of parkin variants in modifying the SCA2 phenotype and its use as a therapeutic target should be further investigated.
Introduction
Ataxin-2 is a polyglutamine (polyQ) protein that causes spinocerebellar ataxia type 2 (SCA2) when its polyQ tract is expanded above 31 glutamine repeats. SCA2 thus belongs to the group of polyQ neurodegenerative diseases Orr and Zoghbi, 2001; Wanker, 2000) . The most common normal ataxin-2 allele contains 22 glutamines. When the polyQ repeat is expanded to 32 or longer, mutant ataxin-2 causes degeneration of Purkinje neurons and other neuronal groups in the brain and spinal cord resulting in progressive ataxia and premature death (Imbert et al., 1996; Pulst et al., 1996; Sanpei et al., 1996; Schols et al., 1997) . As in other polyQ diseases, SCA2 becomes more severe and has an earlier age of onset with increasing length of the polyQ repeat (Pulst et al., 2005) .
In polyQ diseases as well as in other neurodegenerative diseases such as Parkinson and Alzheimer disease, neuronal death is associated with cytoplasmic or intranuclear aggregation or accumulation of mutant proteins (DiFiglia et al., 1997; Huynh et al., 1999; Huynh et al., 2000a; Klement et al., 1998; Koyano et al., 2002; Koyano et al., 2000; Paulson et al., 1997; Uchihara et al., 2001) . Although intranuclear aggregates are seen in a small number of brainstem neurons in SCA2 patients (Koyano et al., 2002; Koyano et al., 2000) , and transiently transfected COS1 cells , cytoplasmic aggregates predominate without the formation of large inclusion bodies, and no nuclear inclusions have been observed in Purkinje neurons of SCA2 patients (Huynh et al., 1999; Huynh et al., 2000a; Koyano et al., 2002) . In vitro, mutant ataxin-2 activates apoptosis, causes dispersion of the Golgi complex, and cell death in PC12 and COS1 cells .
Parkin is an E3 ubiquitin ligase which ubiquitinates specific proteins targeted for degradation by the ubiquitin-dependent proteasome system (UPS) (Shimura et al., 2000; Zhang et al., 2000) . Mutations of the parkin gene or S-nitrosylation of parkin inactivate the E3 ubiquitin ligase function and cause the majority of cases with autosomal recessive juvenile Parkinsonism (AR-JP) (Abbas et al., 1999; Mata et al., 2004; Yao et al., 2004) . Several proteins have been found to be interacted with parkin. Among these are proteins associated with the UPS, Pael-R receptor, CDCrel-1, p38 aminoacyl tRNA synthetase, Far Up Stream Element Binding Protein-1 or FBP1, LRRK2, synphilin-1, glycosylated !-synuclein, synaptotagmin XI, and tubulin (Chung et al., 2001; Corti et al., 2003; Huynh et al., 2003a; Huynh et al., 2003b; Imai et al., 2001; Ko et al., 2006; Ren et al., 2003; Shimura et al., 2000; Shimura et al., 2001; Smith et al., 2005; Zhang et al., 2000) . Interaction with parkin facilitates the polyubiquitylation and subsequent degradation of Pael-R receptor, CDCrel-1, synphilin-1, and synaptotagmin XI. Proteomic analyses of an exon 3 parkin knockout mouse model showed that the level of CDRel-1/septin, tubulin !-1 chain, synaptotagmin I were increased (Periquet et al., 2005) , while analysis of an exon 7 parkin ko mouse line only showed the increase of p38 aminoacyl tRNA synthetase and FBP1 compared with wildtype animals (Ko et al., 2006; Ko et al., 2005) .
Several lines of evidence suggest that parkin may play a role in regulating polyQ proteins. In vitro expression of parkin with an expanded polyQ repeat fragment derived from ataxin-3 fused to GFP showed that parkin colocalized and interacted with aggregates of GFP-polyQ, and that it ameliorated proteasomal impairment and caspase-12 activation (Tsai et al., 2003) .
During our studies with synaptotagmin XI (Huynh et al., 2003a) , we serendipitously observed an interaction of parkin with an N-terminal fragment of normal ataxin-2. In this report, we further characterized this interaction and determined that parkin ubiquitinated normal and mutant ataxin-2. Co-expression of wild type, but not mutant, parkin rescued cells from ataxin-2 induced cytotoxicity. In brains from SCA2 patients, parkin labeled ataxin-2 cytoplasmic aggregates in Purkinje cells and parkin subcellular localization was altered. Regulated expression of parkin reduced steady-state levels of endogenous ataxin-2 indicating a role for parkin in the normal regulation of ataxin-2 levels.
Materials and Methods

In vitro Co-immunoprecipitation
Prior to co-immunoprecipitation (co-ip), we co-transfected equal molar ratios of pCMV-HAparkin and the respective pEGFP-ataxin-2 expression plasmids (pEGFP-ataxin-2[Q22], pEGFP-ataxin-2[Q104], or pEGFP-truncated ataxin-2) into HEK293 cells at 60-80% confluency in 100mm 2 dishes. After 48 hrs, proteins were extracted with single detergent buffer [100 mM TrisHCl, pH 8.0, 150 mM NaCl, 0.5% NP40, 0.05% NaAzide containing protease inhibitor mixture (Roche)], immunoprecipitated (ip) with rat anti-HA agarose matrix (Roche), and eluted with 1x PAGE-SDS sample buffer. IP products were immunoblotted with anti-GFP antibody (1/1000, Chemicon) and anti-HA conjugated peroxidase (1/500, Roche).
Ubiquitination assays
HEK293 cells were co-transfected with 5 µg of pCMV-Myc-ubiquitin, pEGFP-ataxin-2, and pCMV-HA-parkin wt or pCMV-HA-parkin C289G . pCMV-HA and pEGFP plasmids were used as negative controls. After 36 hrs, the proteasome was inhibited by 20 µM lactacystin for 4 hrs, and proteins were extracted with RIPA buffer containing protease inhibitor pellet (Roche, 1 pellet per 10 ml buffer), and 2 µM N-ethylamimide to inhibit deubiquitination enzymes. Protein extracts were immunoprecipitated with mouse anti-GFP antibody to pull down GFP-tagged ataxin-2, and the ip products were immunoblotted with anti-HA to detect HA-tagged parkin, anti-myc to detect myc-tagged ubiquitin, or rabbit anti-GFP antibody to detect GFP-tagged ataxin-2.
Assessment of Cell Viability: Trypan blue exclusion
HEK293 cells were transfected with 1 µg of pEGFP vector, pEGFP-ataxin-2, pCMV-HA vector, and pCMV-HA parkins (wild-type and missense) using Qiagen polyfect reagent. After 24 hours, cells were stripped from the dishes with 0.05% trypsin/EDTA (Invitrogen/GIBCO) and gently resuspended in equal volume of growth media and trypan blue. Trypan blue positive and negative GFP staining cells were scored separately using a hemacytometer. The percentage of dead (trypan blue positive) cells was determined by dividing the number of trypan blue positive transfected cells with the total number of transfected cells.
Antibodies
Mouse monoclonal antibodies to Golgi58K (Sigma), to "-actin (Sigma), and rabbit antibody to ubiquitin (DAKO) were purchased. The following reagents were purchased from Boehringer Mannheim: mouse anti-HA antibody, anti-HA-conjugated peroxidase, anti-myc-conjugated peroxidase, and anti-HA-conjugated agarose. Rabbit affinity purified anti-HA antibody used for immunofluorescent labeling was purchased from BETHYL Laboratories, INC. The rabbit and chicken antiparkA antibodies were generated against peptide ParkA as described (Huynh et al., 2000a; Huynh et al., 2003a) . The mouse anti-parkin monoclonal antibody (MAB5512) was purchased from Chemicon International.
Immunofluorescent stain
After transfection, cells were fixed with 4% paraformaldehyde in DPBS for 20 min on ice, and incubated in solution A [DPBS, 3% goat serum, 0.05% Triton X-100] for 30 minutes. Immunofluorescent staining was performed using established methods in our laboratory . For immunofluorescent staining of paraffin-embedded tissues, sections were deparaffinized and treated with Auto/Zyme buffer (a protease mixture from Fisher/ Biomedia) for 7 minutes at 37 o C, followed by treating the tissues with 15 mM ammonium chloride in PBS, pH 7.5 for 20 minutes to decrease background fluorescence, and then immunofluorescent labeling.
Protein extraction and Western blot analysis
Mouse brain tissue was extracted with triple detergent buffer (1% NP40, 0.5% deoxycholic acid, 0.5% SDS, 100 mM Tris-HCl, pH 8.0, .05% NaAzide, and protease inhibitor tablet (Roche, 1 tablet per 10 ml). 500 mg of brain tissue was added to 5 ml of cold triple detergent buffer and homogenized on ice, and the extract was centrifuged for 30 minutes at 4 o C. Supernatant was aliquoted and stored at #80 o C. Proteins were resolved and blotted using standard Western blot methods used in the laboratory (Huynh et al., 2003a) . Western blots were detected with 1 µg/ml of the tested antibody (anti-parkA or anti-GFP (Chemicon)], antiataxin-2 (SCA2B) antibody, 1/500 dil of mouse anti-parkin MAB (Chemicon), mouse antiactin or GAPDH (Sigma) for loading determination, or peroxidase conjugated anti-myc and anti-HA antibodies (Roche). The unconjugated primary antibodies were visualized with a 1/5000 dilution of peroxidase conjugated anti-rabbit, anti-mouse, or anti-chick antibody (Jackson ImmunoResearch) for one hour at room temperature.
Results
Parkin interacts with ataxin-2 in transfected HEK293 cells
To determine whether parkin binds to full-length ataxin-2 containing different polyQ repeats, protein extracts containing HA-parkin and GFP-tagged full-length or truncated ataxin-2 were immunoprecipitated with anti-HA conjugated agarose. The ip products were detected with anti-GFP ( (Huynh et al., 1999; Huynh et al., 2000a; Huynh et al., 2003b) . The length of the polyQ repeat did not affect the binding affinity to parkin as the amounts of the precipitated ataxin-2 relative to the expression levels were similar among ataxin-2 proteins with different polyQ repeats. The anti-HA antibody co-precipitated HA-parkin and both the full-length and N-terminal truncated ataxin-2, but did not co-precipitate the GFP or the GFPtagged C-terminal ataxin-2 fragment (Fig. 1,Fig. 1S ) indicating the specificity of the co-ip experiments. A 130 kDa band, which may represent a stable aggregate of the truncated ataxin-2 [Q104], was also detected. To further confirm the interaction between parkin and ataxin-2, HA-tagged parkin was transiently co-transfected with GFP-tagged truncated or full-length ataxin-2 in COS1 cells. Cells were immunolabeled with rabbit anti-HA antibody and detected with Donkey rhodamine conjugated anti-rabbit IgG. HA-parkin colabeled with both the fulllength and truncated ataxin-2 with either a wild type (Q22) or mutant (Q58) PolyQ domain. The co-localization of GFP-ataxin-2[Q104] with wild type and mutant parkins is shown in Figure 5 . As previously shown , when full-length wild type ataxin-2 is expressed by itself, ataxin-2 is localized with the Golgi apparatus and fine vesicles (Fig. 1F , panel a, white arrow). When parkin was co-expressed with wild type ataxin-2, parkin colocalized with ataxin-2 in perinuclear structures (Fig. 1F , panel c, blue arrow). Parkin did not colocalize with the GFP-ataxin-2 labeled vesicular structures. Although the intensity of the GFP-ataxin-2 labeling in the Golgi apparatus of the parkin/ataxin-2 co-expressing cell was as strong as that in the GFP-ataxin-2 alone, there were fewer GFP-ataxin-2 positive vesicles observed in the parkin/ataxin-2 co-expressing cell; and those vesicles that labeled had less intensity. These observations suggest that, at least in transfected cells, co-expression with parkin reduces the amount of expressed ataxin-2. The N-terminal ataxin-2 fragments containing 22, 58, and 104 glutamine repeat (Q22N, Q58N, and Q104N) formed cytoplasmic aggregates with different sizes. These aggregates were clustered with HA-parkin and ataxin-2 (Fig. 1F , j-r). Although the C-terminal fragments also formed cytoplasmic aggregates, these aggregates were more uniform and larger in size, and did not label with parkin (Fig. 1F, g-i) .
Ubiquitination of ataxin-2 by parkin
To determine whether full-length ataxin-2 was a substrate of parkin, we performed in vitro ubiquitination assays as previously described for sytXI (Huynh et al., 2003a) . GFP-tagged fulllength ataxin-2 (Q22 or Q104) or truncated ataxin-2 (Q22N, Q104N, or C-term) were coexpressed in HEK293 cells with wildtype HA-tagged parkin or mutant parkin C289G and myctagged ubiquitin. Twenty-four hours later, cells were treated with 10 µM lactacystin for 4-hours to inhibit degradation of ubiquitinated proteins by the UPS. Protein extracts were then immunoprecipitated with mouse anti-GFP antibody and the ip products were detected with peroxidase conjugated anti-myc ( Fig. 2A) or rabbit anti-GFP antibody (Fig. 2B) . To control for variation in transfection of the substrate (ataxin-2 fragments), we determined volumes of cell extracts containing approximately equal amounts of ataxin-2 fragments by Western blot analysis. These volumes were then used for western blots with anti-myc and anti-GFP antibodies. A representative western blot is shown in Figure 2 . No ubiquitinated products were detected, when either parkin or ubiquitin were omitted from the transfection or when GFP was added as a substrate. Wild type parkin ubiquitinated full-length mutant ataxin-2[Q104] more efficiently than wild type ataxin-2. In contrast, mutant parkin C289G ubiquitinated wild type and mutant ataxin-2 less efficiently than wild type parkin ( Fig. 2A) . Truncated ataxin-2 was ubiquitinated much less efficiently by parkin than full-length ataxin-2, and when expressed with parkin C289G , no ubiquitination was visible at all. There was evidence of ubiquitination of a C-terminal ataxin-2 fragment. Possible explanations for these observations are given below.
We then examined the possibility that ubiquitinated GFP-ataxin-2 aggregates might not be soluble in our co-ip buffer. Pellets of the protein extraction were resuspended in SDS-sample buffer and then immunoblotted with anti-GFP antibody (Fig. 2C) . As suspected, full-length ataxin-2 and higher molecular weight proteins were detected by the anti-GFP antibody in protein extracts of cells expressing full-length GFP-ataxin-2. Although insolubility of proteins prevented co-immunoprecipitation and detection with anti-myc-ubiquitin antibodies, analysis of pellets suggested that increasing amounts of full-length ataxin-2 were found in the pellet in the presence of parkin. Cells transfected with ataxin-2[Q104] showed a greater abundance of a single band migrating at >250 kD protein and a smear of proteins of even higher molecular weight. Significant amounts of the C-terminal fragment were insoluble but only as a monomer since no high molecular weight C-terminal bands were detected. In contrast, all the N-terminal ataxin-2 fragments remained soluble.
Parkin alters the steady state levels of ataxin-2 in parkin tet off PC12 cells and parkin knockout mice. To determine whether variation in parkin levels altered steady-state levels of endogenous ataxin-2, we utilized rat PC12 cells that stably express human parkin (hparkin) under the control of the tet-promoter (Tet-off parkin PC12 cell line). When these PC12 cells are treated with doxycycline, expression of the exogenous human parkin gene is suppressed in a dosage dependent fashion . To investigate the dose response, tet-off parkin PC12 cells were treated with 0.0, 0.5, and 2.0 µg/ml of doxycycline. After 72 hours of treatment, protein extracts were isolated and subjected to western blot analyses with anti-ataxin-2 (Fig.  3a, top) and anti-parkin (Fig. 3a, bottom) antibodies. Doxycycline at 2.0 µg/ml suppressed expression of hparkin, but as expected did not affect the expression of endogenous rat parkin. Increasing expression of human parkin resulted in decreased abundance of endogenous rat ataxin-2. One of two representative experiments is shown in Fig. 3a . To determine whether parkin deficiency caused an increased level of endogenous ataxin-2 in vivo, we analyzed ataxin-2 abundance in brains of parkin knockout mice. We performed Western blot analysis of protein extracts from brains of parkin knock-out (ko) and wild type (wt) mice with rabbit anti-ataxin-2 antibody (SCA2B) and a mouse monoclonal antibody to the C-terminal fragment of parkin, or "-actin. Figure 3b shows the western blot of protein extracts from 3 wt and 3 parkin ko mice. In parkin ko mouse brains, parkin was not detected by the antibody to the Cterminal domain of parkin, and the level of mouse endogenous ataxin-2 was significantly increased (Fig. 3b, top panel) . The mouse anti-parkin antibody did not detect any parkin band in the parkin ko mice (Fig. 3b, middle) . Similar observations were made in a separate analysis of 2 additional wt and 2 parkin ko mice. Densitometric analysis (Fig. 3c) using the Image J program (http://rsb.info.nih.gov/ij/) showed that parkin deficiency increased the levels of endogenous ataxin-2 by 22% (P < 0.007, n =3, unpaired t-test). Ubiquitinated ataxin-2 in the PC12 cells and parkin ko mice is undetectable in both parkin ko mouse and parkin tet-off PC12 cells as the turn over of ubiquitinated ataxin-2 is likely rapid.
To further access the effect of parkin, cells transfected with GFP-tagged wild type ataxin-2 [Q22] or mutant ataxin-2[Q104] and with pCMV-HA vector or with wild type parkin were treated with puromycin to inhibit protein synthesis. Puromycin is an amino nucleoside antibiotic that inhibits peptidylic transfer on ribosome. At 0, 2, 3, 6, and 24 hrs after puromycin treatment, protein extracts were isolated, and subjected to western blot analyses with mouse anti-GFP antibody (Fig. 3S, supplemental) . Figures 3S is a representative experiment of 2 independent experiments. As previously indicated by semi-quantitative experiments using immunofluorescence Parkin suppresses cell death induced by mutant ataxin-2: As cell death induced by mutant ataxin-2 appears to result from the accumulation of mutant ataxin-2, we investigated whether parkin ameliorated the cytotoxic effect of mutant ataxin-2 in HEK293 cells (Fig. 4) . We determined cell death by using trypan blue exclusion of GFP expressing cells 48 hours after transfection. About 200 to 300 transfected cells were scored for each of the experiments described below. In the absence of parkin, mutant ataxin-2[Q104] with an expanded polyQ repeat caused significantly more cell death than wild-type GFP-ataxin-2[Q22] (15.2.0%±1.4 vs. 5.0%±1.013, n=4, P$0.001, One-way ANOVA analysis). In the presence of parkin, cell death induced by mutant ataxin-2[Q104] was significantly reduced compared to mutant ataxin-2[Q104] alone (8.2%±1.0 vs. 15.2%±0.2, P$0.01). Mutant parkin C289G and parkin C418R did not reduce cytotoxicity induced by mutant ataxin-2 (P%0.05). When mutant parkin C289G was co-expressed with wild type ataxin-2[Q22], cell death actually increased to 9.8%±1.1 as compared to 5.0%±1.0 and 7.1%±1.8 for wild type GFP-ataxin-2[Q22] with wild type parkin or HA-vector control (P<0.001), respectively. Cell death difference between wild ataxin-2 alone and with parkin is not statistically different (n%0.05). Coexpression with parkin C418R , a RING2 missense mutation, did not enhance cell death induced by either wild type or mutant ataxin-2.
Parkin reduces Golgi dispersion caused by mutant ataxin-2[Q104]
In cell culture, endogenous and exogenous ataxin-2[Q22] colocalize with the Golgi 58kD marker protein . Expression of mutant ataxin-2 [Q104] (Fig. 5a-d) causes dispersion of the 58K-labelled Golgi compartment . Since parkin reduced cell death caused by the overexpression of mutant ataxin-2, we investigated whether parkin also decreased alterations in Golgi morphology using triple immunofluorescent labeling (Fig. 5 ). HEK293 cells expressing GFP-ataxin-2[Q104] and parkin or vector control (Fig. 5) were labeled with rabbit anti-HA (Fig. 5c, g, k) and mouse anti-Golgi58K (Fig. 5b, f, j) antibodies and imaged by laser confocal microscopy. Golgi morphology alteration was scored by cells possessing diffuse versus perinuclear Golgi58K labeling. We found that co-expression with wild-type parkin (Fig. 5e-h ) greatly reduced the number of transfected cells with an abnormally dispersed distribution of GFP-ataxin-2[Q104] compared to GFP-ataxin-2[Q104] with HAvector ( Fig. 5a-d) or with mutant HA-parkin C289G (Fig. 5i-l) .
Cells expressing ataxin-2[Q104] had Golgi alterations in 69%± 7.1 compared with only 32.3% ±11.7 of cells co-expressing parkin and ataxin-2[Q104] (Fig. 5S, n=3 , P$0.001, One-way ANOVA). Cells coexpressing ataxin-2[Q104] and parkin C418R (not shown) or parkin C289G had Golgi abnormalities in 67.3%±10.3 and 85.6%±14.8, respectively. The increase in Golgi abnormalities upon transfection with parkin C289G was significant compared with HA-vector transfected cells (p<0.05).
To examine whether parkin and ataxin-2 interacted in neurons primarily affected by SCA2, we labeled cerebellar sections from 3 normal controls (Fig. 6A ) and 2 SCA2 patients ( Fig. 6B ) with antibodies against parkin (Huynh et al., 2003a) and ataxin-2 . In normal Purkinje neurons, both parkin and ataxin-2 were strongly expressed confirming previous observations (Huynh et al., 1999; Huynh et al., 2000b) . Both proteins localized in distinct punctate structures with strong co-localization in the cell plasma membrane (Fig. 6A , blue arrow). The cell bodies of normal Purkinje neurons were strongly immunoreactive for ataxin-2, while staining was almost undetectable in neurites (Fig. 6A, red) . In contrast, parkin labeling was more pronounced at the plasma membrane and in neurites (Fig. 6A, green) . In SCA2 Purkinje neurons, ataxin-2 localization was confined to cytoplasmic aggregates in the cell body and extended to large neuritic processes (Fig. 6B) . Parkin immunoreactivity was now undetectable at the plasma membrane but confined to large bodies or puncta along the dendritic tree (Fig. 6B ). In addition, parkin was colocalized with ataxin-2 in selected cytoplasmic (white arrow) and perinuclear aggregates (blue arrow). Overall levels of parkin immunoreactivity were reduced in SCA2 Purkinje neurons compared to normal Purkinje neurons.
Discussion
In human and mouse brains, expression of ataxin-2 with expanded polyQ repeats results in cytoplasmic aggregates, altered Purkinje cell morphology and motor dysfunction in the respective organism (Huynh et al., 1999; Huynh et al., 2000a) . Cell death in vitro is associated with alterations in Golgi morphology and the activation of apoptosis . Based on our identification of a physical interaction between ataxin-2 and parkin, we investigated the effects of parkin overexpression on abundance and localization of ataxin-2 and ataxin-2 induced cell death.
Parkin mediated ubiquitination and degradation of ataxin-2
Parkin interacted with full-length wildtype ataxin-2[Q22], mutant ataxin-2[Q104], and an Nterminal ataxin-2 fragment, but not with a C-terminal fragment confirming the specificity of the interaction (Fig. 1) . Parkin interaction with ataxin-2 was further confirmed when cells coexpressing HA-tagged parkin and GFP-tagged ataxin-2 showed strong colocalization between ataxin-2 and parkin (Fig. 1F) . Although parkin bound ataxin-2[Q22] and ataxin-2[Q104] with equal strength, ubiquitination of wild type ataxin-2[Q22] was weaker suggesting that parkinmediated ubiquitination of polyQ proteins may selectively favor proteins with expanded polyQ repeats. Parkin has been shown to interact with another polyQ protein, ataxin-3, but in those studies, interaction was only observed for a shorter fragment of ataxin-3 containing the polyQ repeat (Tsai et al., 2003) .
Parkin with a missense mutation in the RING1 domain (parkin C289G ) had reduced ability to ubiquitinate full-length ataxin-2 (Fig. 2) . This observation is consistent with recent findings by ) that parkin missense mutations decrease substrate binding, E3 ubiquitin ligase activity, and substrate degradation. Although parkin bound to the N-terminal truncated ataxin-2 (Fig. 1) , the level of ubiquitination of these truncated ataxin-2 fragments was significantly reduced. It is possible that ubiquitination levels of truncated ataxin-2 were below our level of detection as only 7 lysine residues are contained within the truncated fragment, whereas the C-terminus contains 25 clustered lysine residues, which are preferred sites for attachment of ubiquitin (Pickart, 2001) . The strong clustering of lysine residues in the Cterminal fragment may explain why this fragment showed some ubiquitination in HEK293 cells despite the lack of visible interaction in co-immunoprecipitation assays ( Fig. 1 and 2) . The interaction may have been below our level of detection.
Consistent with previous findings with other parkin substrates (Chung et al., 2001; Huynh et al., 2003a; Imai et al., 2001; Zhang et al., 2000) , exogenous expression of parkin altered the steady-state levels of ataxin-2 (Fig. 3) . In tet-off PC12 cells expressing human parkin, increased parkin expression resulted in a dosage-dependent decrease in the abundance of endogenous rat ataxin-2 (Fig. 3) . As rat ataxin-2 does not contain a polyQ repeat (Accession#XP_213779), this observation also suggests that parkin may bind to a site different from the polyQ repeat. Future direct interaction studies with rat ataxin-2 will be required to confirm this hypothesis.
The sensitivity of endogenous ataxin-2 to parkin levels is interesting as mice deficient for parkin failed to show any changes in the abundance of other known parkin interactors such as Pael-R and synphilin-1 (Goldberg et al., 2003; Palacino et al., 2004; Periquet et al., 2005) . However, another study using an exon 7 parkin ko model found that only the parkin interactors, p38 tRNA synthetase and FBP1 were increased (Ko et al., 2006; Ko et al., 2005) . Unfortunately, ataxin-2 was not assayed in either model. Our analysis of parkin KO mice now confirms that ataxin-2 steady-state levels are increased in KO mice in vivo.
Parkin effects on ataxin-2-induced cell death
Overexpression of several parkin substrates including CDCrel-1 and Pael-R causes cell death in mammalian cell lines. In Drosophila and cultured cells, expression of parkin substrates resulted in cell death, which was ameliorated by co-expression of parkin (Chung et al., 2001; Imai et al., 2001; Imai et al., 2003; Ko et al., 2005) . These observations are consistent with our observations that expression of wild type parkin reduced Golgi alteration and cell death induced by mutant ataxin-2[Q104] very significantly (Fig. 4) . Co-expression of mutant parkins did not rescue cells from ataxin-2-induced cytotoxicity. Quite unexpectedly, parkin C289G increased cell death, especially when co-expressed with wild type ataxin-2[Q22]. It is not clear at this point whether this represents a direct toxic action of parkin C289G or a dominant negative action by interference with the function of endogenous parkin.
Purkinje cells are the site of strong expression of ataxin-2 and are the cell type primarily affected in SCA2. In vivo, both ataxin-2 and parkin are expressed in the substantia nigra and in Purkinje cells ( (Huynh et al., 1999; Huynh et al., 2001; Huynh et al., 2000b) . In brains from SCA2 patients, both proteins were co-localized in discrete cytoplasmic and large perinuclear aggregates in Purkinje neurons (Fig. 6B) . The large aggregate depicted in Fig. 6B is likely perinuclear rather than nuclear as we have detected aggregates in transfected cells that originated in the cytoplasm but indented or invaginated into the nucleus. In addition, studies by us and others have not detected nuclear aggregates in Purkinje cells in SCA2 or in any other polyQ disease (Koyano et al, 2002; Huynh et al, 1999 , Huynh et al, 2000a .
Cytoplasmic and nuclear protein aggregation has been implicated in several polyQ associated diseases (DiFiglia et al., 1997; Huynh et al., 2000a; Klement et al., 1998; Koyano et al., 2002; Paulson et al., 1997) , although the formation of large aggregates may actually be protective (Cummings et al., 2001) . Our studies were not designed to examine the direct pathogenicity of aggregates. However, parkin reduced steady state levels of ataxin-2, which may contribute to reduced aggregation and cytotoxicity. Of note, parkin immunoreactivity was significantly reduced in the cytoplasm of SCA2 Purkinje neurons compared with wildtype Purkinje neurons. This may indicate that parkin was sequestered into ataxin-2 aggregates, which in turn could affect steady-state levels of other parkin-interacting proteins as well. In light of the recently recognized importance of the proteasome system in synaptic function (Bingol and Schuman, 2006; Willemeur et al, in press ) the greatly reduced parkin immunoreactivity in Purkinje cell dendrites in SCA2 brains may suggest a direct link between parkin sequestration and synaptic dysfunction in SCA2.
Parkin mutations are the most common cause of familial early-onset PD (Abbas et al., 1999; Lohmann et al., 2003; Mata et al., 2004) . Some SCA2 patients and even some SCA2 pedigrees have a predominant L-DOPA responsive Parkinsonian phenotype with bradykinesia, tremor, and rigidity (Gwinn-Hardy et al., 2000; Ragothaman et al., 2004; Shan et al., 2001) . This is consistent with expression of ataxin-2 in dopaminergic neurons of the substantia nigra (Huynh et al., 2000b) . A pair of sisters with SCA2 exhibited neuronal loss in the substantia nigra with evidence of intranuclear ubiquitin and ataxin-2 associated inclusions in neurons (Armstrong et al., 2005) suggesting that mutant ataxin-2 was ubiquitinated. Furthermore, we found ataxin-2 in Lewy bodies in nigral neurons in two of five individuals with diffuse Lewy body Dementia (Huynh and Pulst, pers. Comm.) . The physical interactions of parkin and ataxin-2 raise interesting prospects in view of the phenotypic overlap seen in some PD families with SCA2 mutations and should lead to investigation of parkin single nucleotide polymorphisms as modifiers of the SCA2 phenotype and vice versa. Finally, the ability to rescue cells from ataxin-2-induced cytotoxicity by parkin overexpression may provide therapeutic options that could be tested using in vivo models.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Both full-length and truncated ataxin-2 interact with parkin (panel A). HEK293 cells were cotransfected with wildtype parkin and GFP-tagged full-length (atx-2[full], N-terminal (N-term), or C-terminal (C-term) fragments of ataxin-2. For the full-length and N-terminal fragments constructs with different polyQ repeats (Q22, Q58, or Q104) were tested. The GFP vector and the GFP-tagged C-terminal domain of ataxin-2 were used as negative controls. Protein extracts were ip with anti-HA antibody conjugated to agarose, and detected with either anti-GFP (A) or anti-HA-peroxidase (B) antibodies. To determine the levels of transfected proteins, western blot of transfected HEK293 cells lysates were detected with anti-GFP (C). Panels D and E show the schematic structure of GFP tagged ataxin-2 (D) and HA-tagged parkin (E) proteins. Panel F demonstrates the colocalization of HA-tagged parkin to GFP tagged full-length and truncated ataxin-2 in COS1 cells. Cells were co-transfected with expression plasmids expressing HA-parkin and GFP-tagged full-length or truncated ataxin-2. Cells were stained with rabbit anti-HA antibody and detected with donkey Rhodamine-RED conjugated antirabbit IgG. Images were visualized and acquired by Leica Confocal Laser Microscopy. Bar represents 8 µm. Parkin ubiquitinates full-length ataxin-2. Ubiquitylation of ataxin-2 N-term (Q22N and Q104N) and ataxin-2 C-term (C-term) is much less pronounced. HEK293 cells overexpressing HAparkins or controls with the corresponding myc-ubiquitin and GFP-tagged ataxin-2 were treated with lactacystin for 4 hours, and protein extracts were immunoprecipitated with anti-GFP antibody. IP products of the ubiquitination assays were detected with an antibody to the myc tag (A) and anti-GFP antibody (B). Note the lack of ubiquitinated products in cells expressing HA-parkin and GFP, GFP tagged truncated ataxin-2. Cells expressing parkin mutants and GFP-ataxin-2 produce a lower amount of ubiquitin-conjugated ataxin-2 compared to the wild-type (wt) parkin. The anti-GFP antibody detects near equal amounts of GFP- a) Exogenously expressed wildtype human parkin (hparkin) facilitates the turn over of endogenous wildtype rat ataxin-2. Tet-off hparkin PC12 cells were grown in the presence of different concentrations of Dox for 72 hours. Protein extracts were obtained and proteins were detected with the rabbit anti-ataxin-2 antibody (panel a, top) or the anti-parkin antibody (panel a, bottom). Increased expression of human parkin resulted in decreased abundance of endogenous wildtype ataxin-2. b) Parkin deficiency causes an increase in the level of endogenous ataxin-2 in exon parkin ko mice. Protein extracts from wt and parkin ko mice were detected with anti-ataxin-2 (2 µg/ml SCA2B antibody), anti-parkin (mouse antibody to the Cterminal domain of parkin, 1/500 dil), and antibody to "-actin (1/5000 mouse monoclonal antibody to "-actin). The parkin antibody detects parkin in the wt but not in the ko mice, while ataxin-2 antibody detects a higher level of endogenous ataxin-2 in the ko than the wild type mice. c) Histogram analyses of 3 wt and 3 parkin ko mice using the Image J program. Parkin gene ko causes a 22% increase in endogenous ataxin-2 level (P < 0.007, n =3, unpaired t-test). Wildtype but not missense mutated parkin inhibits cell death induced by mutant GFP-ataxin-2 [Q104]. Cells were co-transfected with wildtype GFP-ataxin-2[Q22] or ataxin-2[Q104] and HA-vector control (vector), HA-parkin (parkin), mutant parkin C289G (pC289G) or parkin C418R (pC418R). Expression of full-length mutant ataxin-2 in HEK293 cells at 48 hours increased the number of cells that were unable to exclude trypan blue. Co-expression with wildtype parkin suppressed toxicity of mutant ataxin-2, while co-expression with mutant parkin C289G and parkin C418R showed no cytoprotective effect. Slight enhancement of cell death was observed for parkin C289G , n=4. Expression of ataxin-2 and parkin in Purkinje neurons. Cerebella from normal controls (A) and SCA2 patients (B) were labeled with chicken anti-parkin (green, rows a-c of panels A & B) and rabbit anti-ataxin-2 (red) antibodies. Primary antibodies were visualized with FITCconjugated anti-chick IgY and Rhodamine-RED conjugated anti-rabbit IgG and imaged by confocal laser microscopy. Each image represents an individual 0.5 µm thick section. The composite represents the overlay of individual images corresponding to parkin and ataxin-2 labeling. Light blue arrow in panel A shows parkin and ataxin-2 colocalization in normal Purkinje neurons. Pink and Blue arrows in panel B show cytoplasmic aggregates and a perinuclear aggregate which invaginates into the nucleus. Most ataxin-2 aggregates also label with parkin antibodies. Note the lack of parkin staining in Purkinje cell cytoplasm and Purkinje cell processes, but strong staining in fibers likely representing climbing fibers winding around the Purkinje cell arbor (Yellow arrow). Note also the colocalization of parkin and ataxin-2 in small cells near the Purkinje neuron likely representing Golgi cells (White arrow in panels A and B). Bars represent 40 µm.
